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• The H2 receptor agonist dimaprit facilitates memory retention of inhibitory avoidance.
• The H2 receptor antagonist ranitidine inhibits inhibitory avoidance consolidation.
• Cerebellar vermis H2 receptors mediate fear memory consolidation in mice.
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a b s t r a c t
Histaminergic ﬁbers are present in the molecular and granular layers of the cerebellum and have a high
density in thevermis andﬂocullus. Evidence supports that the cerebellar histaminergic system is involved
in memory consolidation. Our recent study showed that histamine injections facilitate the retention of
an inhibitory avoidance task, which was abolished by pretreatment with an H2 receptor antagonist. In
the present study, we investigated the effects of intracerebellar post training injections of H1 and H2
receptor antagonists as well as the selective H2 receptor agonist on fear memory consolidation. The
cerebellar vermi of male mice were implanted with guide cannulae, and after three days of recovery,
the inhibitory avoidance test was performed. Immediately after a training session, animals received a
microinjection of the following histaminergic drugs: experiment 1, saline or chlorpheniramine (0.016,
0.052 or 0.16nmol); experiment 2, saline or ranitidine (0.57, 2.85 or 5.07nmol); and experiment 3, saline
or dimaprit (1, 2 or 4nmol).
Twenty-four hours later, a retention test was performed. The data were analyzed using one-way analy-
sis of variance (ANOVA) and Duncan’s tests. Animals microinjected with chlorpheniramine did not show
any behavioral effects at the doses that we used. Intra-cerebellar injection of the H2 receptor antagonist
ranitidine inhibited, while the selective H2 receptor agonist dimaprit facilitated, memory consolidation,
suggesting that H2 receptors mediate memory consolidation in the inhibitory avoidance task in mice.
© 2014 Elsevier Ireland Ltd. All rights reserved.
1. Introduction
Histamine is a biogenic amine and an important
neurotransmitter–neuromodulator in the central nervous system
[1,2]. Histaminergic neurons are located in the tuberomammillary
nucleus of the posterior hypothalamus, and their efferent ﬁbers
project to nearly the entire brain [3]. The following four histamine
Abbreviations: CPA, chlorpheniramine; SAL, saline; RA, ranitidine;DM,dimaprit;
(LTP), long term potentiation.
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receptors have been identiﬁed: H1–H4 subtypes in the brain
[4,1,2]. The H1 and H2 receptors potentiate excitatory inputs,
while H3 receptors down-regulate histamine synthesis and release
histamine as well as other neurotransmitters [2]; also, the H4
receptors have recently been reported within the neurons of the
central nervous system, and they have a poorly understood role
[4].
The neural histaminergic system has been involved in sev-
eral physiological functions or responses, including arousal, body
temperature, sleep-wake cycle, and cognition [1,5,6]. Addition-
ally, there is consistent evidence that neuronal histamine plays an
important role in learning and memory processes [1,2,7], but the
actual contribution of the histaminergic system to these processes
is still controversial.
http://dx.doi.org/10.1016/j.neulet.2014.12.017
0304-3940/© 2014 Elsevier Ireland Ltd. All rights reserved.
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The cerebellum has traditionally been implicated in controlling
movement.However, the cerebellum’s role innon-motor functions,
including cognitive and emotional processes, has received increas-
ing attention [8,9,10]. Recent results from studying how Purkinje
cells encode movement signals suggest that the cerebellar cor-
tex circuitry can support associative learning, sequencing, working
memory, and forward internal models in non-motor domains [8].
Strata et al. [11] suggest that the cerebellum is involved in the reg-
ulation of affective reactions as well as in forming the association
between sensory stimuli and their emotional values. Some studies
that image patients with cerebellar lesions have been used to elu-
cidate the role of the cerebellum in processing emotion [12,13,10].
Reports using functional magnetic resonance have shown that
cerebellar areas around the vermis are activated during associa-
tive learning and mental recall of emotional personal episodes in
humans [14,13]. In both human and animal models, lesions of the
cerebellar vermismayaffect the retentionof a fearmemorywithout
altering the baseline motor/autonomic responses to the frighten-
ing stimuli [12,9]. Other ﬁndings indicate that the cerebellar vermis
is involved in long-term memory formation in certain types of
defense behavior after training [9,15].
Studies have demonstrated a relationship between the
histaminergic system and cerebellum [16,17,18]. Histamine-
immunoreactive ﬁbers are seen in the molecular and granular
layers of the cerebellum in several species, including humans, and
they have a high density in the vermis andﬂoculus [2,3,17]. Autora-
diographic mapping and in situ hybridization experiments have
demonstrated the presence of H1, H2 and H3 receptors in the rat
cerebellar cortex and deep cerebellar nuclei [19,20], and they sug-
gest that histamine may play an important role in modulating
the excitability of cerebellar neurons. We recently demonstrated
that the cerebellar histaminergic system is involved in emotional
memory consolidation [16,21]. We recently found that histamine
injections facilitated the retention of an inhibitory avoidance task,
which was abolished by pretreatment with an H2 receptor antago-
nist [21].
Therefore, in the present study, we investigated the effects
of intra cerebellar post-training injections of H1 and H2 receptor
antagonists as well as selective H2 receptors agonist on fear mem-
ory consolidation.
2. Materials and methods
2.1. Animals
Male Swiss mice (Federal University of Sao Carlos, UFSCar SP,
Brazil), weighing 25–35g, were maintained under a 12h light cycle
(lightsonat7:00a.m.) in a controlledenvironmentat a temperature
of 23±1 ◦C and humidity of 50±5%. All mice were experimentally
naive, and the experimental sessions were conducted during the
light period of the cycle (9:00–15:00h).
2.2. Drugs
The H1 receptor antagonist chlorpheniramine maleat salt, H2
receptor antagonist ranitidine hydrochloride and the selective H2
receptor agonist dimaprit (SigmaChemical Co., USA)wereprepared
in a vehicle of physiological saline. Saline solution was used as an
experimental control. The doses were based on previous research
[16,22,21] and on pilot work in our own laboratory.
2.3. Surgery and microinjection
Mice were intraperitoneally anesthetized using ketamine
hydrochloride (100mg/kg) and xylazine (10mg/kg) solution,
administered local anesthesia (3% lidocaine with norepinephrine
1:50,000), and placed in a Stoelting stereotaxic instrument. A sin-
gle 7-mmstainless steel guide cannula (25 gauge)was implanted in
the cerebellar vermis according to the following coordinates from
the mouse brain atlas [23]: 6.5mm posterior to the bregma, 0mm
lateral to the midline, and 2.0mm ventral to the skull surface. The
guide cannula was ﬁxed to the skull using dental acrylic and jew-
eler’s screws. A dummy cannula (33 gauge stainless steel wire) was
inserted into the guide cannula to reduce the incidence of occlu-
sion. Postoperative analgesia was provided for 3 days by adding
acetaminophen (200mg/ml) to the drinking water at a ratio of
0.2ml of acetaminophen to 250ml ofwater (the ﬁnal concentration
was 0.16mg/ml).
Saline and drug solutions were infused into the cerebellar ver-
misusingamicroinjectionunit (33gauge cannula),whichextended
2.0mm beyond the tip of the guide cannula. The microinjection
unit was attached to a 5-l Hamilton microsyringe via polyethy-
lene tubing (PE-10), and an infusion pump that was programmed
to deliver a volume of 0.1l over a period of 60 s controlled the
administration [16].
2.4. Inhibitory avoidance task
Rodents have an aversion to brightly illuminated areas, and they
have a preference for dark compartments, which represent secure
areas [24]. In the inhibitory avoidance task, during the acquisition
trial, an instinctive response is punished by a foot shock in the dark
compartment, and in the retention trial, the animal is returned to
the area, and avoidance of the punished context is observed.
The apparatus consisted of an acrylic box (48×24.5×25 cm)
with two compartments that have the same size, one light (under
illumination 400 l×) and one dark (with black acrylic), separated by
a guillotine door (9×10 cm). The ﬂoor was made of stainless-steel
rods (2.5mm in diameter), spaced 1 cm apart, that delivered elec-
tric shocks at an intensity of 0.5mA for 3 s. The box was connected
to a computerwith software (Insight Equipamentos Cientíﬁcos Ltd.,
Brazil) that triggered the apparatus, and a camera recorded the
experiment.
Animals were placed in the apparatus after 1h of habituation in
the experimental room. Each animal was gently placed in the light
compartment for 5 s, after which the guillotine door was lifted, and
the latency of the animal crossing to the dark (shock) compart-
ment was timed. Animals that waited for more than 100 s to cross
to the other side were excluded (n=3). Once the animal crossed to
the next compartment with all four paws, the door was closed and
the mouse was moved to its home cage. The habituation trial was
repeated after 30min, and it was followed, after the same interval,
by the acquisition trial, duringwhich the guillotine doorwas closed
and a foot shock (0.5mA, 3 s) was delivered immediately after the
animal entered the dark compartment. After 20 s, the mouse was
removed from the apparatus and placed temporarily in the home
cage. Two minutes later, the animal was retested in the same way
as before; if the mouse did not enter the dark compartment during
the 120-s period, a successful acquisition of inhibitory avoidance
response was recorded. Otherwise, when the mouse entered the
dark compartment a second time, the door was closed and the
mouse received the same shock as before. After retesting, if the
animal successfully achieved inhibitory avoidance, it was removed
from the apparatus and injected via the guide cannula as follows:
experiment 1, saline (SAL) or chlorpheniramine (CPA 0.016, 0.052
or 0.16nmol); experiment 2, SAL or ranitidine (RA 0.57, 2.85 or
5.07nmol); and experiment 3, SAL or dimaprit (DM 1, 2 or 4nmol).
If not, the animal was excluded (n=2).
Twenty-fourhours after training, a retention testwasperformed
to determinememory consolidation. Each animalwas placed in the
light compartment for 5 s, the door was opened, and the latency
was measured for entering the dark compartment. The test session
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Fig. 1. (A) Schematic representation (adapted from Paxinos and Franklin [23]) of the sites of microinfusion (ﬁlled circles) into the cerebella of mice. (B) Photomicrograph
showing a typical injection site (indicated by an arrow) in the cerebellar vermis.
endedwhen theanimal entered thedark compartmentor remained
in the light compartment for 300 s.
2.5. Histology
At the end of testing, all animals received a 0.1-l infusion
of 1% methylene blue according to the microinjection procedure
describedabove. Theanimals receivedananesthetic overdose, their
brainswere removedand injection siteswereveriﬁedhistologically
[23]. Data from the animals with injection sites outside the cere-
bellar vermis were excluded. The ﬁnal sample size of each cohort
ranged between 6 and 13. Histology conﬁrmed that a total of 103
mice had accurate cannula placements, which were mainly in the
anterior and central vermis in lobules V and VI (Fig. 1).
2.6. Statistical analysis
All results were initially submitted to Levene’s test for homo-
geneity of variance. The data were analyzed with one-way analysis
of variance (ANOVA). When differences were indicated by signiﬁ-
cant F values, theywere identiﬁedbyDuncan’smultiple range tests.
A p value of <0.05 was required for signiﬁcance.
3. Results
Experiment 1: Effects of the H1 receptor antagonist chlorpheni-
ramine on memory retention of the inhibitory avoidance task.
One-way ANOVA indicated that there was no signiﬁcant dif-
ference among the results obtained with CPA (0.016, 0.052 and
0.16nmol/0.1l) and saline (control group) (F3,22 = 0.11, p=0.95),
suggesting that CPA did not affect memory consolidation at the
doses used in this study (Fig. 2).
Experiment 2: TheH2 receptor antagonist ranitidine inhibits the
memory retention of the inhibitory avoidance task.
ANOVA testing indicated a difference between the groups
(F3,32 = 5.48, p<0.005), and Duncan’s test revealed a signiﬁcant
decrease in the retention latency for animals that received
5.07nmol RA compared to the control group that received SAL
(p=0.002). Additionally, there was a difference between 5.07nmol
RA and 0.57 (p=0.03) and 2.85nmol RA (p=0.002) (Fig. 3).
Experiment 3: The H2 receptor agonist dimaprit facilitates the
memory retention of the inhibitory avoidance task.
The analysis showed a signiﬁcant difference between groups
(F(3,37) = 3.55,p=0.02). Theposthoc analysis indicatedan increase in
the latency for animals that received 2nmol DM compared to the
control group (p<0.05). Moreover, there was a signiﬁcant differ-
ence between 2nmol DMand the other two doses (p<0.01) (Fig. 4).
Fig. 2. Effect of the H1 receptor antagonist chlorpheniramine (0.016, 0.052 and
0.16nmol/0.1l) microinjected into the cerebellar vermis on memory retention of
an inhibitory avoidance task.n=6–7.Data arepresented as themean± SEM.ANOVA,
Duncan’s test.
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Fig. 3. Effects of the H2 receptor antagonist ranitidine (0.57, 2.85 and
5.7nmol/0.1l) on the memory retention of an inhibitory avoidance task. n=9.
Data are presented as the mean± SEM. ANOVA, Duncan’s test. *Signiﬁcantly dif-
ferent from the saline control group, p<0.05; #Signiﬁcantly different from 5.7nmol
ranitidine, p<0.05.
Fig. 4. Effects of the H2 selective agonist dimaprit (1, 2 and 4nmol/0.1l) on the
memory retention of an inhibitory avoidance task. n=9–13. Data are presented as
the mean± SEM. ANOVA, Duncan’s test. *Signiﬁcantly different from saline control
group, p<0.05; #Signiﬁcantly different from 2nmol dimaprit, p<0.05.
This result suggests that DM facilitates memory consolidation of
inhibitory avoidance in mice.
4. Discussion
The main ﬁndings of the present study are that intra-cerebellar
vermis injection of the H2 receptor antagonist ranitidine inhibits,
while the selective H2 receptor agonist dimaprit facilitates, mem-
ory consolidation, which suggests that H2 receptors in the
cerebellum mediate the memory consolidation of an inhibitory
avoidance task in mice.
These results agreewith previous reports that fearmemory con-
solidation involves the activation of H2 receptors [25,26,21]. Da
Silva et al. [25] demonstrated that histamine infused into the CA1
region of the dorsal hippocampus improves the memory reten-
tion of inhibitory avoidance in a dose-dependent manner and that
this effect is blocked by ranitidine and mimicked by dimaprit. In a
study, by Flood et al. [26], infusion of dimaprit into the septum
facilitated long-term retention, while cimetidine, an H2 antago-
nist, impaired retention in an avoidance learning task. Giovaninni
et al. [27] showed that bilateral posttraining injections into the dor-
sal hippocampus of histamine H2 or H3 receptor agonists improve
memory consolidation after contextual fear conditioning.
In a previous report, we showed that histamine microin-
jected into the cerebellar vermis facilitates memory retention
of inhibitory avoidance in mice. The response was a non-linear,
inverted U-shaped dose effect curve, and pretreatment with the H2
antagonist RA abolished this effect, while the combined microin-
fusion with H1 antagonist CPA failed to prevent the histamine
effect [21]. In the present study, we found that dimaprit non-
linearly facilitatesmemory consolidation, whichwe observed as an
inverted U-shaped curve in a similar pattern as that for histamine.
The microinjection at the highest dose of ranitidine impaired the
retention of inhibitory avoidance, suggesting that the H2 receptor
antagonist can affect memory consolidation in the cerebellar ver-
mis on its own. Additionally, theH1 receptor antagonist CPAdid not
showanybehavioral effects at thedosesused. Taken together, these
results clearly indicate that the promnesic effect on fear memory
consolidation is not due to interaction with H1 receptors; instead,
it is due to the direct activation of H2 receptors.
On the biochemical level, because the brain H2 receptor-
mediated responses occur through stimulation of adenylyl cyclase,
an increase in cAMP intracellular levels and PKA activation [28,25],
a likely candidate for enhancement is the cAMP/PKA pathway.
According to Da Silva et al. [25], it is possible that through the
upregulation of the signaling pathways coupled to H2 receptors,
exogenous histamine induces an upward shift in the activa-
tion state of the PKA cascade, enhancing memory consolidation.
Haas and Konnerth [29] demonstrated that H2 receptor activa-
tion induces a long-lasting hyperpolarization and regulates the
accommodation of action potential ﬁring in neurons, increasing the
number of action potentials ﬁred in response to a typical depo-
larization through a cAMP and PKA-dependent mechanism. The
present ﬁndings suggest that histamine H2 receptor stimulation
enhances the memory consolidation of inhibitory avoidance. One
hypothesis is that H2 receptor activation might anticipate ERK2
phosphorylation, improving memory consolidation. However, fur-
ther experiments are needed to understand the biochemical
consequences of cerebellar H2 receptor activation during memory
consolidation.
Other studies have examined the role of H2 receptors on cogni-
tive performance. Benetti et al. [30] showed that the H2-receptor
agonist ampthamine improves fear memory expression. Alvarez
and Banzan [31] reported that pretreatment with RA blocks the
effect of histamine on memory consolidation. Recently, Da Sil-
veira et al. [32] showed that the injection of the H1-receptor
antagonist, pyrilamine; theH2-receptor antagonist, RA; and theH3-
receptor agonist, imetit in theCA1 regionblocks long-termmemory
retention without affecting hippocampal function. Additionally,
electrophysiological examination indicated that both knockout
mice, H1 and H2, have impaired long term potentiation (LTP) in
the CA1 hippocampal areas [25].
Evidence regarding the role of the histaminergic system in
learning and memory is controversial, and the function of the his-
taminergic receptors and how they affect memory is still unclear
[1,2,7]. According to McNaughton and Corr [33], there is a func-
tional distinction that makes fear more likely to be engaged for
more immediate threats, and fear has a greater neural represen-
tation (periaqueductal gray, medial hypothalamus and amygdala).
We believe that the histaminergic projections to the cerebellar ver-
mis, periaqueductal gray, hypothalamusandamygdalaare involved
in the modulation of fear memory consolidation. It has previously
been proposed that the amygdala and cerebellum are function-
ally interconnectedduringaversive learning.According toSacchetti
et al. [9], the vermis andamygdala interact and the vermal electrical
stimulation modulates the activity of the amygdala. These effects
are mediated by both direct and indirect anatomical connections
between the cerebellum and limbic areas. In this circuit, H2 recep-
tor activation can inﬂuence the consolidation window, affecting
memory engramand/or the reinforcement of the aversive stimulus.
Furthermore, some studies suggest that the cerebellar histamin-
ergic afferent system is involved in signal transmission from the
hypothalamus to the cerebellum and in cerebellar physiologi-
cal functions [34–36]. The cerebellar neuronal circuitry receives
two major types of afferent inputs, mossy ﬁbers and climbing
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ﬁbers [37,38]. In addition to obtaining speciﬁc and discrete infor-
mation from the mossy and climbing ﬁber afferent systems, the
cerebellum also receives nonspeciﬁc signals from the so-called
third type of afferents, such as the histaminergic afferent system
[34]. The hypothalamocerebellar histaminergic projections bridge
nonsomatic center, the hypothalamus, to somatic structure, the
cerebellum and play an important modulatory role in the cere-
bellar circuitry and in the somatic-nonsomatic integration [34,36].
In this way, the hypothalamic histaminergic afferent inputs in the
cerebellum may also be involved in emotional and fear memory
consolidation.
With respect to the idea that emotional memory has an impor-
tant role in controlling behavior and that it is critical for survival,
a memory deﬁcit can expose one to a needlessly dangerous situ-
ation, while the persistence of an aversive memory is associated
with the development of emotional disorders [22]. Additionally, a
central aspect of the cerebellar cognitive affective syndrome occurs
when lesions involve the ‘limbic cerebellum’ (vermis and fastigial
nucleus) [10]. The implications of these neurobehavioral observa-
tions could improve our understanding of cerebellar modulation of
cognition and emotion andmayprovide clues for newstudies of the
cerebellar histaminergic system and neuropsychiatric disorders.
In conclusion, the results of the present study indicate that
the H2 agonist facilitated, and H2 receptors antagonist inhibited,
the memory retention of inhibitory avoidance, suggesting that
intra-cerebellar H2 receptors mediate fear memory consolidation
in mice.
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